Single lateral InGaAs quantum dot molecules have been embedded in a planar micro-cavity in order to increase the luminescence extraction efficiency. Using a combination of metal-organic vapor phase and molecular beam epitaxy samples could be produced that exhibit a 30 times enhanced single-photon emission rate. We also show that the single-photon emission is fully switchable between two different molecular excitonic recombination energies by applying a lateral electric field. Furthermore, the presence of a polarization fine-structure splitting of the molecular neutral excitonic states is reported which leads to two polarization-split classically correlated biexcitonexciton cascades. The fine-structure splitting is found to be on the order of 10 µeV.
I. INTRODUCTION
Coupled quantum dot (QD) systems have been extensively studied during the past years primarily because they have the potential to combine atom-like single-dot properties with their specific coupling properties. Great progress has already been reported on the basis of QDs that are electrostatically defined in a two-dimensional electron gas. The charge state and electron spins have been coherently manipulated in double-dots [1, 2, 3] , spin-and charge-readout was performed using the coupling of a QD to a quantum point contact [4] and the first quantum gates have been realized [5] . Whereas these types of QD systems are not accessible using optical techniques, self-assembled QDs provide optical access via confined excitonic states and transitions. The atom-like properties of such QDs, for example, singlephoton emission [6] and single-spins [7, 8] make them possible candidates for the realization of quantum gates [9, 10] and for quantum information processing and quantum computation [11, 12] (and refs. therein). Optical experiments on self-assembled QDs coupled to different kinds of micro-and nano-resonators [13, 14] have been reported as well as artificial molecules created by stacking [15, 16, 17, 18, 19, 20] and laterally arranging QDs [21, 22, 23] . Recently conditional quantum dynamics has been presented in an interacting vertical double-QD system where the quantum state of one dot controls the measurement result in the other dot [12] .
For possible applications of QD-systems in quantum information processing both singlephoton quality and high optical efficiency are important quantities. Signal enhancement of single-photon sources has been reported for single QDs embedded into cavity structures [24] . Also, QDs have been used as a source for polarization entangled photons [25, 26, 27] . In refs. [25, 27] polarization entanglement has been achieved between biexciton-exciton-pairs necessarily having excitonic fine-structure splittings (FSS) that are small compared to the corresponding radiative life times.
In this work laterally coupled QDs are optically studied with an enhanced luminescence rate achieved by incorporating the QD molecules (QDMs) into a planar micro-cavity. Furthermore, the excitonic structure is investigated in order to resolve possible FSSs which are expected in the lateral QDM due to their lower symmetry as compared to single QDs.
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II. LATERAL INGAAS QDMS IN A LAMBDA-CAVITY
A. Sample fabrication with and without cavity
The QDM samples without a cavity were grown on GaAs(001) substrates using a unique technique combining molecular beam epitaxy (MBE) and in situ etching [21, 22, 28] . Using this growth method, samples could be produced that contain mainly bi-molecules, i.e. QDMs that are composed of two individual dots, at structural densities as low as 10 8 cm −2 . The average edge-to-edge distance between two QDs forming a bi-molecule is between 6 and 8 nm with individual dot sizes of about 40 nm in diameter and 2.6 nm in height [28] . Furthermore, all bi-molecules are oriented along the same crystallographic direction, [110] , which in turn defines the QDM inter-dot coupling axis [23] . For the optical experiments the QDMs were partially capped and annealed to blue-shift the emission energy to around 1.3 eV to enable the use of Si-based detectors and were overgrown with a 100 nm GaAs cap layer to improve the optical quality. The fact that the QDMs are oriented parallel to one another, with only small deviations of a few percent, allows for a simple means to manipulate the inter-dot coupling. In order to do this parallel chromium/gold Schottky electrode structures with separations between 5 and 30 µm were placed on the sample surface by photo-lithography to apply homogeneous lateral electric fields along the molecular coupling axis [23] .
To increase the photoluminescence (PL) intensity from the QDMs they were embedded in a planar cavity. The smallest achievable distance between the molecules and electrodes on the surface was used to ensure the homogeneity of the electric field, which was realized by creating a λ-cavity. The aforementioned growth process has been modified in the following way: in order to do this first, a distributed Bragg reflector (DBR) was grown on a GaAs(001) substrate using metal-organic vapor phase epitaxy (MOVPE). MOVPE has been chosen for the DBR growth because it offers a significantly higher growth rate compared to MBE and therefore provides a faster and more efficient production process for homogeneous multi-layer structures [29] . The DBR contains 20 λ/4-periods of AlAs/Al 0.2 Ga 0.8 As with a nominal thickness that corresponds to the average QDM s-shell emission energy of around 1.35 eV.
The bottom DBR was terminated with a 40 nm GaAs buffer layer in order to avoid oxidation.
The growth was then continued by MBE. After thermal deoxidation, the bottom part of the λ-cavity was completed by growing 50 nm GaAs buffer, followed by InAs QDs with high density capped with 40 nm GaAs. The slightly rough GaAs surface produced by buried InAs
QDs is used to enhance the yield of QDMs [28] . Then InAs QDMs with low density were grown and capped with a λ/2 thick layer of GaAs. An in situ partial cap and annealing step was applied to blue-shift the emission of the QDMs with respect to the buried InAs QDs [28] . Finally, a single top AlAs/GaAs pair was grown, completing the cavity structure. On top of the epitaxial structure the same type of electrodes was processed as described above.
A schematic cross-section of the λ-cavity sample is shown in Fig. 1 .
B. Luminescence enhancement
The micro-PL and photon statistics experiments were performed at 4 K using a confocal microscope setup with a focal spot of about 1 µm, which, together with the low structural QDM density, allows for single-QDM spectroscopy. A tunable Ti:sapphire continuous wave (cw) laser (700 nm -1 µm) was used for optical excitation. The QDM PL was dispersed using a 0.5 m and a 0.75 m spectrometer and collected using either a liquid nitrogen-cooled charge coupled device (CCD) or a Hanbury-Brown and Twiss (HBT) type setup [30] with two avalanche photodiodes. Depending on the used grating and spectrometer length, the spectral energy resolution was between 10 and 30 µeV. A typical s-shell PL-spectrum of a single QDM contains up to six emission lines depending on the charging situation and the excitation power. In the spectra displayed in Fig. 2 at low excitation power two PL lines, X1
and X2, dominate the spectra which are both due to neutral excitonic recombination. Two weaker PL lines, Y and Z, can eventually also be seen (Figs. 2(a and d) ), which are due to charged excitonic recombination. At higher excitation power two more PL lines, XX1 and XX2, emerge and increase with a super-linear power dependence indicating that both are due to neutral biexcitonic recombination. A more detailed discussion of the single-QDM PLspectra and the subsequent identification of their origin can be found in refs. [23, 31] . The maximum QDM photon emission rate along the setup beam axis has been calculated using the measured integrated excitonic saturation count-rates under non-resonant cw excitation by considering the signal transmission through all optical components (T ≈ 40%) and the CCD quantum efficiency (QE ≈ 60%). For a typical QDM without a λ-cavity the rate is around 20 -30 kHz (photons/second) ( Fig. 2(a, b) ), where the second QDM is the one that exhibits the strongest luminescence that was observed for some 100 molecules measured 4 so far. The PL emission collection efficiency can be strongly increased when the QDMs are placed in a λ-cavity. Even for the emission of a QDM with a small mismatch with respect to the cavity center wavelength a maximum emission rate of 200 kHz (Fig. 2(c) ) is observed which increases further to 850 kHz when the emission matches the cavity mode ( Fig. 2(d) ). This 30 times enhancement of the single-QDM PL is mainly attributed to a higher collection efficiency as a result of the emitted photons being preferentially directed along the growth-direction and perpendicular to the DBR-planes.
No coupling effects between the QDMs and the cavity could be observed as expected for a planar cavity structure. This is because of the low quality factor (Q < 100) and large mode volume V which results in a Purcell factor (F P ∝ (Q/V )) that is very small [14] . This could be experimentally seen when comparing the decay times of neutral excitonic recombination from QDMs with and without a λ-cavity. For both types of samples decay times of around 1 ns were measured for the excitons and 0.5 ns for the biexcitons (discussed in more detail in ref. [31] ). Figs. 3((a) and (c)) also display decay times of this value extracted from the fits to the autocorrelation measurements of both X1 and X2.
C. Electric field tuning
Electron-tunneling has been proposed to be the dominant coupling mechanism in our lateral QDMs [23] . Using an electric field applied parallel to the QDM coupling axis it is possible to reversibly shift the electron probability density from one dot to the other as manifested by the relative switching between the two neutral exciton recombination lines X1 and X2. In the situation displayed in Fig. 3(a) , Stop and Start signal in the HBT setup is shown in Fig. 3(b) . The antibunching value of 0.28 is also well below 0.5 which is the upper limit for a single quantum emitter. Therefore, both PL lines, X1 and X2, are emitted from the same quantum system, that is, the lateral QDM.
When the bias voltage is further increased to 0.46 V, X1 becomes the dominant PL line as shown in Fig. 3(c) . Again the corresponding intensity autocorrelation function displays single-photon emission character with an antibunching value of 0.17.
III. POLARIZATION FINE-STRUCTURE
Studying the excitonic polarization fine-structure is of particular interest for two reasons as it allows one, firstly, to identify a biexciton-exciton cascade and, secondly, to determine the exciton FSS. The relative value of the FSS of the exciton state (∆E F S ) with respect to the corresponding natural radiative line width (∆E rad ) is decisive in terms of the correlation character of the biexciton-exciton pair ( Fig. 1 in [27] ). For ∆E F S /∆E rad > 1, the two orthogonally polarized exciton-biexciton photon pairs exhibit a classical polarization correlation, whereas for ∆E F S /∆E rad < 1 they are polarization entangled to a certain extent.
It has recently been reported that the polarization FSS of single QD excitons can be tuned using external magnetic and electric fields [32, 33] . Therefore, for an initial FSS that is sufficiently small tuning down to values close to zero can be achieved and so the QD under investigation represents a potential source of polarization entangled photon pairs.
The highest available spectral energy resolution of around 10 µeV (using a 1800 lines/mm grating and the 0.75 m spectrometer) was used to resolve a possible FSS of the excitonic emission from a QDM without a cavity. Micro-PL spectra have been recorded as a function of linear polarization by using a rotatable λ/2-plate and a fixed polarizing cube beam splitter.
The H -axis corresponds to the molecular coupling axis and has been defined as the zero linear polarization angle. Fig. 4(a) shows the complete s-shell emission of a QDM for the two orthogonal linear polarizations H and V. At line widths of around 150 µeV a spectral offset on the order of 10 µeV between the neutral excitons can be seen when comparing the smaller range spectra in Fig. 4 (b) that were taken at H -and V -polarization. For the PL lines Y and Z, which have been assigned to charged exciton transitions earlier no such splitting appears to be present as expected [32, 33] .
A detailed analysis has been carried out on the two biexciton-exciton cascades: XX1-X1 (blue, solid lines in lower panel of Fig. 4(c) ) and XX2-X2 (red, dashed lines in upper panel of Fig. 4(c) ). An oscillation of the emission energies can be seen for both excitons and XX2-X2 as the two biexciton-exciton cascades which have been reported earlier via photon cross-correlation measurements between XX1 and X1. A detailed discussion can be found in ref. [23] in which the second-order correlation function shows antibunching for τ < 0 (emission from one single-quantum system) and bunching for τ > 0 (enhanced probability of X1 emission after XX1 emission in a radiative cascade).
IV. CONCLUSION AND OUTLOOK
Using a novel approach to epitaxially produce QDMs in a planar cavity a 30 times enhancement in luminescence could be observed. The presented high optical quality of the QDM single-photon emission together with the strongly enhanced luminescence are essential requirements for further photon statistics experiments and time-resolved studies of such structures. The ongoing work will focus on the charge carrier dynamics and the polarization properties of the coupled system, as well as on the excited state structure.
With a rather small FSS of around 10µeV found for the molecular excitons it should be possible to tune it to zero. As one promising approach we plan to use a two-dimensional geometry of electrodes to apply lateral electric fields at arbitrary directions with respect to the QDM coupling axis. in this way the FSS could be tuned to zero and the emission of the two excitons could also be switched. This would enable us to use the QDM as a switchable source of two pairs of entangled photons from the same quantum system. 
